Electrode atoms are slightly diffused, with only about 5% volume ratio, into the top end of multiwalled carbon nanotubes ͑MWNT's͒, standing in nanopores of porous alumina membranes. Diffusion of light-mass materials ͑carbon and aluminum͒ leads to weak localization in the Altshuler-Aronov-Spivak ͑AAS͒ oscillations, which is qualitatively consistent with previous works on MWNT's. In contrast, we find that diffusion of heavy materials ͑gold and platinum͒ changes this weak localization into an antilocalization in the MWNT bulk. This effect is only observable when electrons are injected through the diffusion region and undergo a -phase shift in their electron waves, caused by polarized injection of spin-flipped electrons due to spin-orbit interaction in the diffusion region of the MWNT bulk. DOI: 10.1103/PhysRevB.65.033402 PACS number͑s͒: 73.20.Fz, 71.70.Ej, 73.61.Wp Single-walled carbon nanotubes are conducting molecular nanowires that exhibit a variety of mesoscopic phenomena. There is renewed interest in these nanostructures because their characteristics are very sensitive to materials deposited onto the tube inner space.
Electrode atoms are slightly diffused, with only about 5% volume ratio, into the top end of multiwalled carbon nanotubes ͑MWNT's͒, standing in nanopores of porous alumina membranes. Diffusion of light-mass materials ͑carbon and aluminum͒ leads to weak localization in the Altshuler-Aronov-Spivak ͑AAS͒ oscillations, which is qualitatively consistent with previous works on MWNT's. In contrast, we find that diffusion of heavy materials ͑gold and platinum͒ changes this weak localization into an antilocalization in the MWNT bulk. This effect is only observable when electrons are injected through the diffusion region and undergo a -phase shift in their electron waves, caused by polarized injection of spin-flipped electrons due to spin-orbit interaction in the diffusion region of the MWNT bulk. Single-walled carbon nanotubes are conducting molecular nanowires that exhibit a variety of mesoscopic phenomena. There is renewed interest in these nanostructures because their characteristics are very sensitive to materials deposited onto the tube inner space. 1 In contrast, the physical properties of multiwalled carbon nanotubes ͑MWNT's͒ have been interpreted only in terms of quantum phase interference effects of electron waves in the diffusive regime at the singlemolecular level ͓e.g., weak localization ͑WL͒, 2- 4 AltshulerAronov-Spivak ͑AAS͒ oscillations, 5-9 universal conductance fluctuation, 2 possible metal-insulator transition, 10 and strong spin coherence 11 ͔. The investigation of the correlation of such interference phenomena with dopant materials in the tube inner space or the MWNT itself has so far received no attention.
AAS oscillations and WL are the typical phase interference effects of electron waves observed in MWNT's. Constructive phase interferences in current paths encircling MWNT's with time-reversal symmetry leads to WL, when the sample size is smaller than both the phase coherence length and the localization length. [12] [13] [14] The presence of a resistance maximum and a negative magnetoresistance ͑MR͒ around zero magnetic field reflect WL in the AAS oscillations. 15 Previous works on MWNT's reported only on this type of AAS oscillations. On the other hand, the presence of a strong spin-orbit interaction ͑SOI͒ in thin metallic cylinders formed by heavy-mass atoms leads to antilocalization ͑AL͒, reflected by a resistance minimum and a positive MR around zero magnetic field, in the AAS oscillations. 16 This is because the SOI causes electron-spin flipping, thereby leading to a change of the electron phase by . [17] [18] [19] No group, however, has yet successfully observed this electron-spin flipping and AL in the AAS oscillations in MWNT's.
In this paper, we find that the diffusion of heavy-mass atoms, deposited onto the top end of MWNT electrodes with only about 5% in volume ratio, drastically changes this WL to AL in the bulk of the MWNT's. Based on a revised Altshuler's theory, we show that the SOI, depending on the diffused atom mass and the diffusion volume ratio, is the key for understanding the WL into the AL change. We find that this phenomenon is observable only when electrons are injected through the diffusion region and is understood as a spin flipping of electron waves ͑i.e., phase shift by ), caused by the SOI in the diffusion region of the bulk of MWNT's.
In electrical measurements of MWNT's performed in previous works, an individual MWNT was deposited on a substrate 5, 6 and gold-͑Au-͒ finger-like electrodes were fabricated by lithography over the MWNT. Only the upper halfpart of the MWNT that did not face the substrate had an interface with the electrodes. Hence, it was difficult to diffuse by annealing the electrode atoms into one entire end of the MWNT along the circumference of the NT ͑including the lower half-part facing the substrate͒. In contrast, we reported earlier on a different method to obtain the characteristics of MWNT arrays standing in nanosized diameter pores of porous alumina membranes. [7] [8] [9] In this method, after the deposition of MWNT's into the nanopores, the top ends of the standing MWNT's were exposed from the surface of alumina membranes ͓Fig. 1͑a͔͒ and, then, a thick electrode was directly deposited on all of the top ends ͓Fig. 1͑b͔͒. Hence, diffusion of electrode atoms takes places into the entire end of the standing MWNT's. For this reason, the diffusion region of the electrode atoms forms the other nanotubelike structure on the top end of MWNT's ͓Fig. 1͑b͔͒. In fact, our sample clearly exhibits the diffusion of Au atoms, deposited as an electrode material, into the top end of MWNT, as shown in Fig. 1͑c͒ . Figure 2 shows typical MR oscillations characteristics observed in the samples with four different electrode materials. In this work, we measured a large number of MWNT's in one array sample at the same time. However, although this smears MR oscillations in some cases, we assumed that the observed characteristics were the simple superposition of the characteristic of each MWNT for the following three reasons: ͑1͒ the uniformity of the tube diameter was extremely high ͑e.g., half-width of distribution was less than 13%͒, ͑2͒ the spacing between the MWNT's was relatively large, and ͑3͒ according to Ref. 20 , the characteristics of the individual MWNT's and the MWNT arrays fabricated by this method were basically consistent.
Since Fig. 2͑a͒ exhibits the MR maximum at Bϭ0 T and negative MR, the localization type is WL. This is qualitatively consistent with the previous works on AAS oscillations in MWNT's. In order to confirm the correlation between the observed MR oscillations and the AAS effect, we investigated the dependence of the oscillation period ⌬B, on the MWNT radius r. Figure 3͑a͒ shows the result, which is a linear ⌬B vs r Ϫ2 relation with the slope value of 2.5ϫ10 Ϫ16 ͑J S/C͒. This is quantitatively in good agreement with the relation ⌬B ϭ(h/2e)/(r 2 ) given by the AAS oscillation theory, with (h/2e)/ϳ6.5ϫ10
Ϫ16
. Next, we discuss the influence of the electrode materials on the type of localization observed in the AAS oscillations as suggested by the results on Fig. 2 . The atomic numbers of Pt and Au are 78 and 79, respectively, whereas those of C and Al are 6 and 13. This indicates that the emergence of WL or AL strongly depends on the mass of the electrode-material atoms. Since AL is observable only in the samples with heavy-mass electrode materials ͑Pt and Au͒, this is qualitatively consistent with the previous works on thin Mg and Li cylinders, 15, 16 which emphasizes the contribution of the SOI. However, it should be noticed that the diffusion region of our electrode materials is only about 5% of the volume ratio in our MWNT's. Hence, one deals with a qualitatively different phenomenon from any previous observations in thin metallic film systems, although nothing of this kind has been reported in MWNT systems.
In order to resolve this issue, we carry out a data fitting procedure based on Altshuler's equations for AAS oscillations. 15 In Ref. 15 , the equations for AAS oscillations including the contribution of the SOI can be rewritten as follows:
where L s , ␤, L , and L Ј in Eq. ͑1͒ are the tube length, the constant depending on the electron-electron interaction, and the phase coherent length without and with the SOI, respectively. l, k 0 , and ⌽ in Eq. ͑2͒ are the mean free path, the Macdonald function, and the magnetic flux (r 2 H), respectively. D, t , and t so in Eqs. ͑3͒ and ͑4͒ are the diffusion constant, the relaxation time for inelastic scattering, and the relaxation time for the SOI, respectively. Here, ␣(H) in Eq. ͑1͒ represents the increase or decrease of the mean value of the conductance, depending on magnetic field H. We also neglected the contribution of magnetic field on L in Eq. ͑3͒.
Equation ͑1͒ has very simple physical meaning: The first term related to Z ⌽ "L (H)… basically represents the AAS oscillations without the SOI ͑i.e., WL͒, whereas the second term with Z ⌽ "L Ј (H)… reveals the influence of SOI ͑i.e., AL͒ on the AAS oscillations, using Eq. ͑4͒. Equation ͑4͒ includes the term 1/Dt so as the contribution of the SOI. If the SOI is very weak, t so diverges to an infinite value and, hence,
2 )/Dt so , leading to WL. On the contrary, if t so has a finite value, L /L Ј becomes larger than ''1'' because of 2(L 2 )/Dt so Ͼ0, leading to the increase of the oscillation amplitude of the second term of Eq. ͑1͒ and, thus, AL. Therefore, the contribution of t so can be represented by L /L Ј . We selected this L /L Ј as the fitting parameter.
As shown by the dashed line in Fig. 2 , the measurement and calculation results are in good agreement in all the samples. This is interpreted as strong evidence for AAS oscillations. The best fittings to Figs. 2͑a͒ and 2͑b͒ give
Ϫ5 m and ␤ϭ2. This strongly supports the absence of the SOI and the presence of WL for the reason mentioned above. In particular, the measurement and calculation results are in excellent agreement in Fig.  2͑a͒ . On the other hand, both Figs. 2͑c͒ and 2͑d͒ are fitted by two independent oscillation modes depending on the magnetic field ͑i.e., bimodal behavior͒ as shown by lines A and B, assuming finite values for t so . Compared with the value of L /L Ј of the carbon electrode sample, the best fittings give L /L Ј ϭ9.18 and L /L Ј ϭ9.3 for lines A and B in Fig.  2͑c͒ and L /L Ј ϭ9.28 and L /L Ј ϭ9.4 for lines A and B in Fig. 2͑d͒, respectively . These values of L /L Ј ϳ9(Ͼ1) are strong evidence for the contribution of the SOI and, hence, the emergence of AL, also for the reason explained above. The comment for the bimodal behavior is mentioned in the later part of this paper.
The central issue of this report is the physical relevance of L /L Ј , as obtained from the best fit shown in Fig. 2 , because Eqs. ͑1͒-͑4͒ do not relate to actual material parameters. Two facts make it possible to physically identify this L /L Ј : ͑1͒ there is a correlation with the atomic numbers of the electrode materials ͑i.e., mass of the atoms͒ ͑2͒ also with the volume ratio of the diffusion region to the MWNT. From the view point of correlation ͑1͒, the atomic numbers ͑Z's͒ of C and Pt are 6 and 78. Reference 15 indicates that t /t so is given by (3L 2 /al)(aZ) 4 , where a is the fine structure constant (Ϸ1/137). In the case of carbon, t /t so can be estimated to be on the order of 10 Ϫ6 in our system from this equation. This is nearly consistent with t so ϭϱ ͑i.e., L /L Ј ϭ1) obtained from the best fits in Figs. 2͑a͒ and 2͑b͒ .
In contrast, in the case of Pt, t /t so can be estimated to be on the order of 10
Ϫ2 . This does not quantitatively agree with In order to clarify correlation ͑2͒, we varied the diffusion volume ratio by changing the MWNT length with a constant diffusion length in the same electrode-material samples.
L /L Ј was obtained from the best fit of the experimental data in Figs. 3͑c͒ and 3͑d͒ by Eqs. ͑1͒-͑4͒, by identifying each MWNT length with L S in Eq. ͑1͒. As shown in Fig.   3͑b͒ , the relation between the L /L Ј values and the diffusion volume ratio is mostly linear. This is the strong evidence that the factor of two is the key to determine L /L Ј ͑i.e., the contribution of the SOI͒ and L /L Ј has a correlation with actual systems. It implies that the contribution of the SOI to AL is linearly proportional to the volume ratio of the diffused Au atom.
Consequently, the diffusion of heavy-mass atoms, deposited as the electrode materials on MWNT's, at only about 5% in volume ratio can drastically change WL to AL in the bulk of NT's. This can be shown by a phase shift of the electron waves by , caused by spin flipping due to the SOI in the diffusion region of MWNT bulk. However, which conjugated conditions are formed between the atom of Au or Pt and the carbon nanotube by annealing and how it leads to the SOI is still an open question. Further investigation is indispensable to clarify this issue.
Based on the linear relation mentioned above, the bimodal B to line A (ϳ1.013) in both ͑c͒ and ͑d͒ also supports this conclusion. As a confirmation, we exactly investigated the distribution of diffusion volume ratio in an array. As shown in Fig. 1͑d͒ , we could actually find two peaks at 4.9% and 5.1% of the volume ratio. Since the ratio of 5.1%/4.9% is 1.041, this is nearly consistent with the L /L Ј ratio between lines A and B (ϳ1.013). However, the reason why they independently emerge in the different magnetic-field regions is still unclear. Finally, we show why such a small diffusion region only at the one end of the MWNT drastically changes the phase interference in the bulk of the MWNT. Figure 4͑a͒ shows MR oscillations when electrons are injected into the MWNT's from either the Au electrode or Al substrate. It reveals a polarity of AL and WL; i.e., only when electrons are injected through the Au diffusion region does a positive MR ͑i.e., AL͒ emerge. This strongly supports the contribution of the SOI caused in the diffusion region. As shown in Fig. 4͑b͒ , when the electrons are injected through the Au diffusion region, the electron phases are spin flipped by the strong SOI right after the injection, and then they cause phase interference. Since the spin coherence is strongly conserved in all the phase interference paths of electron waves encircling the MWNT, 11 it leads to the AL in the bulk of the MWNT's. In contrast, when the electrons are injected from the Al substrate, they are spin flipped in the diffusion region, after most of the interference procedure is completed ͑i.e., after the interference paths were already closed͒ as shown in ͑b͒. Such electrons no longer contribute to the phase interference. These phenomena are the direct evidence of an important role played by the small diffusion region in the phase interference in the bulk of the MWNT's.
